I. INTRODUCTION
The hadronic decays of charmonium S-wave states have been extensively studied. For example, for J/ψ (ψ(1S)) and ψ(2S) 97 and 70 exclusive hadronic decays, respectively, have been measured [1] . In sharp contrast, branching fractions for not even a single exclusive hadronic decay of Υ(1S) or Υ(2S) have been measured, and only five upper limits have been established for Υ(1S) [1] . In this paper we report on the first measurements of exclusive decays of both Υ(1S) and Υ(2S) into 4 − 10 light hadrons (including up to 2π 0 ) using the CLEO III detector. For Υ(1S), branching fractions for 73 decays have been measured and upper limits have been established for 27 decays. For Υ(2S), branching fractions for 17 decays have been measured and upper limits have been established for 83 decays.
II. THE CLEO III DETECTOR
The CLEO III detector, which has been described before [2] , consists of a CsI electromagnetic calorimeter, an inner silicon vertex detector, a central drift chamber, and a ring-imaging Cherenkov (RICH) detector, all inside a superconducting solenoid magnet with a 1.5 T magnetic field. Layers of proportional counters embedded in the flux-return iron are used to identify muons. The detector has a total acceptance of 93% of 4π for charged and neutral particles. The photon energy resolution in the central (81% of 4π) part of the calorimeter is about 2% at E γ = 1 GeV and about 5% at 100 MeV. The charged particle momentum resolution is about 0.6% at 1 GeV/c.
III. DATA SAMPLES & DECAY MODES
The on-resonance Υ(1S) data consist of e + e − annihilations with an integrated luminosity of 1.09 fb −1 , with 21.5 million Υ(1S) produced. The on-resonance Υ(2S) data consist of e + e − annihilations with an integrated luminosity of 1.28 fb −1 , with 9.3 million Υ(2S) produced. We also use 0.20 fb −1 of data off-Υ(1S) resonance (36 MeV below Υ(1S)) and 0.43 fb −1 of data off-Υ(2S) resonance (28 MeV below Υ(2S)) to determine non-resonance contributions. We reconstruct final states containing 4 to 10 hadrons, pions, kaons, and protons, including 0, 1, or 2 π 0 's. Monte Carlo (MC) simulations were used to evaluate efficiencies, and 10 5 events were simulated for each decay mode. The hadronic decays were generated with phase space distributions.
IV. EVENT SELECTIONS
We require that there be either 4, 6, 8, or 10 charged particle tracks in the event and that the total charge of these tracks be zero. Charged particles are required to have | cos θ| < 0.93, and to be consistent with originating from the e + e − interaction point. Photon candidates are calorimeter showers which do not contain any of the few known noisy calorimeter cells, are not consistent with the projection of any charged track to the calorimeter, and whose transverse energy distributions are consistent with an electromagnetic shower. No restriction on the number of photon candidates in the event is made.
To identify the charged hadrons, we use the energy loss in the drift chamber (dE/dx) and information from the RICH subdetector. To utilize dE/dx information, for each particle hypothesis, h = π, K, p orp, we calculate χ dE/dx h = [(dE/dx) measured −(dE/dx) predicted ]/σ X , where σ h is the standard deviation of the measured dE/dx for hypothesis h. For low momentum particles (defined as p < 0.6 GeV/c for π and K, and p < 1.5 GeV/c for protons), we use only dE/dx information for particle identification (ID) and require
• π ID: |χ dE/dx π the charged particle passes through the RICH detector (| cos θ| < 0.8) and at least three photons observed in the RICH are associated with the particle hypothesis. We distinguish between different charged particle types using the combined variable
and require
• π ID: ∆L π,K < 0
• K ID: ∆L K,π < 0
• proton ID: ∆L p,K < 0 Single particle efficiencies are found to be > 80% with a fake rate of < ∼ 10% over the momentum ranges considered.
Leptons can be generated in these data through a variety of processes, such as higher-order QED processes (e.g. e + e − → 2(e + e − , µ + µ − )), weak decays of hadrons such as D-mesons, and Dalitz π 0 → e + e − γ decays. To examine possible electron contamination, we calculate the ratio E/p, where E is the energy deposited in the calorimeter, and p is the associated track momentum determined from the drift chambers. For electrons we expect E/p ≈ 1. The E/p distributions for the on-resonance and off-resonance Υ(1S) and Υ(2S) data are shown in Fig. 1 for hadrons in the range ∆M ≡ M (Υ(1S, 2S)) − M (hadrons) = ±200 MeV. A significant signal at E/p ≈ 1 is only seen for charged-only events, with bare hints in the distributions for final states including π 0 's. Since electrons arise from several different sources, we remove them from all decays by rejecting events which contain any track with 0.9 < E/p < 1.1.
To study possible muon contamination, we examine the information in the muon detector. Charged hadrons with p > ∼ 2 GeV/c pass through the magnet and into the inner layers of the muon system, but rarely survive to reach the outer layers. On the other hand, muons tend to reach the outer layers of the muon system. The distribution of the depths reached in the muon system by charged particles is shown in Fig. 2 . For the Υ(1S) and Υ(2S) data, these distributions contain contributions from both hadrons and muons. However, the MC distributions contains only the hadronic contributions. In the figure, we see a clear enhancement of data over MC in the outer layers because of the presence of muons. To remove this contamination, we reject events which have a track reaching > 7 interaction lengths in the muon system.
The decay K S → π + π − is reconstructed by fitting the two charged particle tracks to a common vertex which is required to be displaced from the e + e − interaction point by > 3σ.
The decay π 0 → γγ is reconstructed using a 1C kinematic fit, constraining the mass of the photon pair to the known M (π 0 ). The π 0 candidates are required to have a mass within 3σ of M (π 0 ).
A. Kinematic Fits
To select good, fully reconstructed Υ(1S, 2S) → hadrons decays, we perform two kinematic fits.
We require all reconstructed hadrons to come from a common vertex and have χ 2 vtx /d.o.f. < 5. We also require the events to satisfy an energy and momentum conservation 4C kinematic fit with χ 2 F E /d.o.f. < 5. If there are multiple candidates for a particular decay in an event, the candidate with the smallest χ 2 F E is kept.
B. Rejection of Dipion Transitions
In the Υ(2S) data, final states containing pion pairs can have contributions from the decays Υ(2S)
To identify these contributions, we construct the mass recoiling against π + π − and π 0 π 0 pairs. We show the recoil mass distributions in Fig. 3 .
Clear signals for the Υ(2S) → π + π − Υ(1S) transitions are seen. To reject these events in the Υ(2S) data, we reject any events with a π + π − recoil mass of M (Υ(1S))± 15 MeV.
No signal for the Υ(2S) → π 0 π 0 Υ(1S) transitions is seen in recoils against π 0 π 0 , and no events are rejected.
V. RESULTS
The invariant mass distributions for all individual decay modes reconstructed in this analysis are shown in Appendix A, Figs. A1(a)-(e) for the Υ(1S) data, and Appendix B, Figs. B1(a)-(e) for the Υ(2S) data. Some representative spectra are shown in Fig. 4 . The yields for the on-resonance data are shown as open histograms. The yields for the off-resonance data, scaled as described below, are shown as shaded histograms, and are superposed on the on-resonance distributions.
Significant peaks are seen in a large number of modes. The hadron mass peaks are almost always contained within ±100 MeV around M (Υ(1S, 2S)), with essentially no tails outside this region. Distributions of E/p for reconstructed events for the on-Υ(1S) data (left column), for the on-Υ(2S) data (middle column), and for the sum of the off-Υ(1S) and off-Υ(2S) data (right column). A significant contribution from events containing electrons (E/p ≈ 1) is seen in the all-charged hadrons decays. The vertical lines show the cut of 0.9 < E/p < 1.1 used to reject events containing electrons in all cases. 
A. Branching Fraction Calculation
Hadronic events in the on-resonance Υ(1S) and Υ(2S) data come from two sources: resonance decays (Υ(1S, 2S) → ggg), and non-resonant e + e − →decays. To determine the resonance yield for a given final state X, we measure the counts N (X) on in the onresonance data, and subtract from it the non-resonant contribution obtained as the yield observed in the offresonance data, N (X) off . Because the amount of data taken off-resonance is much smaller than that taken on-resonance, we obtain the best measure of the nonresonant yield by combining the off-Υ(1S) and off-Υ(2S) data sets, for a total off-resonance luminosity of L off = 0.63 fb −1 . The observed off-resonance counts N 1S off and N 2S off are combined after taking into account the different counting efficiencies ǫ(1S) and ǫ(2S), and the variation of the non-resonant cross section as 1/s ≡ 1/E 2 cm . Thus, the off-resonance counts for the summed luminosity, L off , are
For a decay channel X, the branching fractions are then given by
The counts N (nS) on and N (nS) off , and the efficiencies ǫ(nS) are for the decay Υ(nS) → X. The total number of Upsilons produced are N (Υ(1S)) = 21.5 × 10 6 and N (Υ(2S)) = 9.32 × 10 6 , and the luminosity ratios R(nS) ≡ L on (nS)/L off are R(1S) = 1.09/0.63 = 1.73 for Υ(1S), and R(2S) = 1.28/0.63 = 2.03 for Υ(2S).
Because there is essentially no background, event yields in the individual decays, N (nS) on and N (nS) off are conservatively taken as the total number of counts in the region ±200 MeV around the mass of Υ(1S, 2S).
The MC-determined efficiencies for the various decay modes range from ∼ 1% to ∼ 33%. The efficiencies for a given mode vary < ∼ 10% between Υ(1S) and Υ(2S). For each individual decay mode, the counts,
, and the efficiencies, ǫ(nS), are listed in Tables I(a,b,c) and II(a,b,c).
The branching fraction results for individual modes are given in Table I for Υ(1S) and Table II for Υ(2S). The first uncertainties in the branching fractions are statistical, and the second uncertainties are systematic, as described in Sec. 6. Upper limits at 90% confidence level are also given for those which have a significance of < 2σ.
As listed in Table I to 3.6 × 10 −5 . As listed in Table II The first notable feature is the multiplicity dependence of the branching fractions. Table III and Fig. 5 illustrate that the multiplicity dependence of the sum of branching fractions are very similar for Υ(1S) and Υ(2S). Both increase with increasing multiplicity, and reach a maximum at a multiplicity of 9 or 10. The ratio 100 B(Υ(1S) → X)/ 100 B(Υ(2S) → X) = 4.1 ± 0.4. For the 17 modes with finite branching fractions common to both Υ(1S) and Υ(2S) (marked with asterisks in Tables I  and II) , the ratio 17 B(Υ(1S) → X)/ 17 B(Υ(2S) → X) = 3.2 ± 0.4, which is consistent with the above ratio for all decays. We note that these ratios differ from B(Υ(1S) → e + e − )/B(Υ(2S) → e + e − ) = 1.3 ± 0.1. The other notable feature concerns the relative strengths of branching fractions for decays containing 0, 1, and 2 π 0 's. As noted in Tables I and II , the relative strengths of decays containing only π ± : π ± + one π 0 : π ± + two π 0 are 1 : 2.3(1) : 4.0(2) for Υ(1S) and 1 : 2.5(7) : 5.5(16) for Υ(2S). This feature results from the isospin dependence of the summed branching fractions. Long ago, Pais [3] had calculated the isospin dependence of the decays containing neutral and charged pions, in particular the ratios of decays (n − 2)π ± 2π 0 /nπ ± for n = 2 − 8. In Table IV , we present the results from our measurements of Υ(1S) decays. It is interesting to note that not only do the results for pure pionic decays agree with Pais' predictions, but that the predictions hold even when the pions are accompanied by even numbers of kaons and protons.
VI. SYSTEMATIC UNCERTAINTIES
We evaluate systematic uncertainties in the branching fractions due to the following sources.
The uncertainty in the number of Υ(1S) and Υ(2S) produced is ±2% [4] . The uncertainty in the luminosity ratios L on /L off is ±2%.
The accuracy of the Monte Carlo calculated efficiencies for particle reconstruction and identification in the CLEO III detector have been extensively studied. Since we use standard CLEO selection criteria in this analysis, we use standard systematic uncertainties for the branching fraction determination due to the following sources:
• Track reconstruction: ±1% per track, •
The reconstruction and identification uncertainties for multiple tracks are added linearly. For instance, the 2K2π mode has a total ±(4 × 1)% = ±4% uncertainty due to track reconstruction and ±((2×1)+(2×2))% = 6% uncertainty due to charged particle ID. The event selection efficiencies in Tables I and II have been calculated using MC simulations in which Υ(1S) and Υ(2S) are assumed to decay into hadrons according to phase space. To investigate the effect of intermediate resonances which decay to the same final states on our efficiency calculations we have investigated possible contributions from the following intermediate states:
Signal MC samples were generated including these intermediate resonances, and analyzed in the same way as the phase space signal MC. We find that the effective change in efficiency due to the inclusion of intermediate states is less than ±10% in all cases. For all decays we therefore assign a systematic uncertainty of ±10% due to this source.
We add the systematic uncertainties due to all above sources in quadrature. These total systematic uncertainties are listed in Tables I and II , and range from 12% to 23%.
VII. SUMMARY OF RESULTS
We have made the first measurements of exclusive hadronic decays of Υ(1S) and Υ(2S), each, into different final states containing 4 to 10 light hadrons (π, K, and p), charged hadrons only, charged hadrons plus one π 0 , and charged hadrons plus two π 0 's. Branching fractions for 73 decays of Υ(1S) and 17 decays of Υ(2S), ranging from 0.3 × 10 −5 to 110 × 10 −5 have been determined, and upper limits at 90% confidence levels are presented for the others. These measurements represent the first measurements of any exclusive decays of the Upsilon resonances.
Multiplicity distributions for the decays and pion isospin-dependent effects are noted.
ACKNOWLEDGMENTS
We thank the CLEO Collaboration for the use of the data. This research was supported by the U.S. Department of Energy. 
, and ǫ(1S) are the MC-calculated efficiencies. Upper limits (UL) at 90% confidence level are also given for modes with branching fractions which have a significance of < 2σ. The modes marked with asterisks are used to construct the Υ(1S)/Υ(2S) ratio. 
, where R(1S) = Lon(1S)/L off = 1.73, and ǫ(1S) are the MC-calculated efficiencies. Upper limits (UL) at 90% confidence level are also given for modes with branching fractions which have a significance of < 2σ. The modes marked with asterisks are used to construct the Υ(1S)/Υ(2S) ratio. 
, where R(2S) = Lon(2S)/L off = 2.03, and ǫ(2S) are the MC-calculated efficiencies. Upper limits (UL) at 90% confidence level are also given for modes with branching fractions which have a significance of < 2σ. The modes marked with asterisks are used to construct the Υ(1S)/Υ(2S) ratio. 
, where X denotes kaons and/or protons in the decays. Isospin-based predictions of Pais [3] for pure pionic decays are listed in the last column. 
